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Abstract
Forbidden (slow) β decays offer new opportunities to test the invariance of the weak interaction
under Lorentz transformations. Within a general effective field theory framework we analyze and
reinterpret the only two relevant experiments, performed in the 1970s, dedicated to search for a
preferred direction in space in first- and second-forbidden β decays. We show that the results
of these experiments put strong and unique limits on Lorentz violation, and in particular on the
presence of several interactions in the modern Lorentz-violating Standard Model extension. We
discuss prospects to improve on these limits.
PACS numbers: 11.30.Cp, 12.60.-i, 23.40.-s
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Motivation – Nuclear β decay has played a central role in the development of the elec-
troweak sector of the Standard Model (SM) of particle physics. The discovery of parity
violation in the β decay of 60Co [1, 2] led to the “V −A” theory of the weak interaction, and
subsequently to the understanding that β decay is mediated by the W -boson that couples
to left-handed fermions. Present-day β-decay experiments search for deviations from the
SM due to “non-V −A” currents, resulting for instance from the exchange of charged vector
bosons that couple to right-handed fermions or of charged scalar bosons [3, 4].
In Ref. [5] we proposed that β-decay experiments offer interesting opportunities to test
the validity of Lorentz invariance of the weak interaction (cf. also Ref. [6]). The search for
violations of Lorentz invariance is nowadays motivated by attempts to unify the SM with
general relativity [7]. Some of these theories of “quantum gravity” predict Lorentz-violating
signals that could be detectable in high-precision experiments at low energy. The results of
some recent searches are reported in Refs. [8–12]. The experimental evidence for Lorentz
and in particular rotational invariance of the weak interaction, which has a bad track record
for obeying symmetries, however, is surprisingly poor, as pointed out already in Ref. [1].
In order to guide and interpret such β-decay experiments, we developed a general ap-
proach to the violation of Lorentz invariance in neutron and allowed nuclear β decay [5]. The
effective Lorentz-violating Hamiltonian density is given by the current-current interaction
Hβ = (g
µν + χµν)
[
ψ¯p(x)γµ(CV + CAγ5)ψn(x)
] [
ψ¯e(x)γν(1− γ5)ψν(x)
]
+H.c. , (1)
where gµν is the Minkowski metric and χµν is a complex, possibly momentum-dependent,
tensor that parametrizes Lorentz violation. CV and CA are the conventional vector and axial-
vector coupling constants and H.c. denotes Hermitian conjugation. As shown in Ref. [5],
this approach includes a wide class of Lorentz-violating effects, such as contributions from
a modified W -boson propagator 〈W µ+W ν−〉 = −i (gµν + χµν)/M2W , but also contributions
from a Lorentz-violating vertex −iγν(g
µν + χµν). Measurements of β-decay observables
provide limits on the values of the components of the tensor χµν . Moreover, such limits can
be translated into bounds on the parameters of the Standard Model Extension (SME) [13,
14], which provides the most general effective field theory framework for the spontaneous
breaking of Lorentz and CPT symmetry.
An experiment to test Lorentz violation in the Gamow-Teller β decay of polarized 20Na
was recently performed at KVI, Groningen [15, 16]. This is the first dedicated experiment on
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allowed β decay. However, several years before the W -boson was discovered and long before
searches for Lorentz violation became fashionable, two isolated experiments were performed
that searched for a “preferred” direction in space in first-forbidden 90Y β decay [17, 18] and
in first-forbidden 137Cs and second-forbidden 99Tc β decays [19]. The hope was that such
forbidden decays would be more sensitive to violations of rotational invariance, i.e. angular-
momentum conservation. We have revisited these experiments and interpreted them within
our effective field theory framework. For that reason, we have extended the approach of
Ref. [5] to forbidden β decays. The technical details can be found in Ref. [20]. In this
Letter, we show that the experiments of Refs. [17–19] provide strong and unique bounds
on Lorentz violation in the weak interaction, and in particular on previously unconstrained
parameters of the SME.
Forbidden β decays – Since nuclear states are characterized by spin and parity, it is cus-
tomary to expand the lepton current in the β-decay matrix element in multipoles. Compared
to the multipole expansion of the photon field in the atomic case this expansion is compli-
cated, because both vector and axial-vector currents contribute and two relativistic particles
are involved, for which only the total angular momentum of each particle is a good quan-
tum number. Moreover, the β particle moves in the Coulomb field of the daughter nucleus.
The lowest-order terms in the multipole expansion correspond to the allowed approxima-
tion, which amounts to evaluating the lepton current at r = 0 and neglecting relativistic
effects for the nucleus. This implies that neither of the leptons carries off orbital angular
momentum.
Higher-order terms in the expansion correspond to forbidden transitions [22, 23], which
are suppressed by one or more of the following small dimensionless quantities: pR, where
p is the lepton momentum and R the nuclear radius (this corresponds to the ratio of the
nuclear radius and the de Broglie wavelength of the lepton), vN , the velocity of the decaying
nucleon in units of c, and αZ, the fine-structure constant times the charge of the daughter
nucleus. The lowest power of these quantities that appears in the amplitude determines the
degree in which the transition is forbidden. The transitions are classified by the nuclear-spin
change ∆I = |Ii − If | and relative parity πiπf = ±1 (parity change no or yes), where Ii,
πi and If , πf are the spins and parities of the parent and daughter nucleus, respectively.
n-times forbidden transitions with ∆I = n + 1 are called unique. Such unique forbidden
transitions are advantageous, since they depend on only one nuclear matrix element, which
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cancels in the asymmetries that quantify Lorentz violation.
In Ref. [20] we derived the multipole expansion for the Lorentz-violating β-decay Hamil-
tonian of Eq. (1). Because the tensor χµν contracts the nucleon and lepton currents in an
unconventional way, the possibility arises that angular momentum is no longer conserved
in the transition. In particular, it is now possible that ∆I = J + 1 for χ0k and χk0 and
that ∆I = J + 2 for χkm, where J is the total angular momentum of the leptons and Latin
superscripts run over space indices. In contrast, rotational invariance implies that ∆I ≤ J .
At the same time, however, the suppression of the transitions is still for the most part deter-
mined by the angular momentum of the leptons. Due to this, the parts of χµν that connect
to the spin-dependent nucleon current (χk0 and χkm) can be enhanced by a factor αZ/pR
with respect to the Lorentz-symmetric contributions. This enhancement factor occurs only
in transitions with ∆I ≥ 2, i.e. starting from unique first-forbidden transitions.
Analysis of the old experiments – In Ref. [17] the β-decay chain 90Sr(0+, 30.2 a) →
90Y(2−, 64.1 h) → 90Zr(0+) was considered, wherein the β− decay of 90Y is a ∆I = 2, yes,
unique first-forbidden transition. A search was made for dipole and quadrupole anisotropies
in the angular distribution of the electrons,
W (θ) = W0
(
1 + ε1 cos θ + ε2 cos
2 θ
)
, (2)
where θ is the angle between the electron momentum and a presumed preferred direction in
space. A 10 Ci 90Sr source was put in a vacuum chamber and the electron current it produced
was measured on a collector plate opposite the source, giving a solid angle of nearly 2π. The
source was made such that only high-energy electrons could come out, assuring that only the
current due to 90Y was measured. The endpoint of 90Sr is too low to contribute significantly
to the current for this particular source. The chamber rotated about a vertical axis with a
frequency of 0.75 Hz. An anisotropy would result in a modulation of the detected current
with a frequency of 0.75 or 1.5 Hz, depending on the dipole or quadrupole nature of the
anisotropy.
The data were analyzed in terms of two dipole current asymmetries,
δNS = 2
iN − iS
iN + iS
, δEW = 2
iE − iW
iE + iW
, (3)
and one quadrupole asymmetry,
δ2ν = 2
iN + iS − iE − iW
iN + iS + iE + iW
, (4)
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Asymmetry δ 108 × a0 10
8 × a1 10
8 × a2
NS −1.9± 1.0 3.2± 1.9 1.7 ± 1.9
EW 1.1± 1.0 2.9± 1.9 1.9 ± 1.9
2ν −1.0± 1.0 0.5± 1.7 0.7 ± 1.7
TABLE I. The measured values [17] for a0,1,2 of Eq. (5).
where N , S, E, W mean north, south, east, and west, and where for instance iN denotes the
mean current in the lab-fixed northern quadrant of the chamber’s rotation. These current
asymmetries δ were fitted as functions of sidereal time as
δ = a0 + a1 sin(ωt+ φ1) + a2 sin(2ωt+ φ2) , (5)
where ω is the angular rotation frequency of the Earth. The extracted coefficients a0,1,2
are given in Table I. Relative phases between the different asymmetries were not considered
and the phases φ1,2 between the amplitudes were not reported. Such relations would have
provided stronger constraints on Lorentz violation.
By using Eq. (2) the expressions for a0,1,2 were determined. Scattering inside the source,
due to which the emission direction of the electrons gets partly lost when they leave the
sample, had to be taken into account. With a Monte-Carlo program the probability distri-
bution to detect an electron was determined, depending on the angle of its original direction
with respect to the normal of the source. This probability distribution was then folded with
Eq. (2). The result for the current as function of the angle θn between the direction of the
collector plate and the presumed asymmetry axis reads [21]
I(θ) = I0
[
1 +
C1
3 + C2
ε1 cos θn +
C2
15 + 5C2
ε2 cos 2θn
]
, (6)
with C1 = 1.26 and C2 = 0.39. After transforming this equation to a standard Sun-centered
reference frame, the upper limits |ε1| < 1.6×10
−7 and |ε2| < 2.0×10
−6 were determined at
90% confidence level (C.L.) [17].
We interpret the data in Table I by using the new formalism [5], in which the differential
decay rate for a unique first-forbidden transition is given by [20]
dW
dΩdE
∝ p2 + q2 + p2
αZ
pR
[
3
10
p
E
(
χijr pˆ
ipˆj − 1
3
χ00r
)
−
1
2
χ˜lipˆ
l + χl0r pˆ
l
]
, (7)
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Asymmetry δ a0 a1 a2
NS −1.3
[
2X30r − X˜
3
i
]
1.4
[(
2X20r − X˜
2
i
)2
+
(
2X10r − X˜
1
i
)2]1/2
0
EW −0.63
[
2X30r − X˜
3
i
]
1.8
[(
2X20r − X˜
2
i
)2
+
(
2X10r − X˜
1
i
)2]1/2
0
2ν 0.0090
[
3X33r −X
00
r
]
0.031
[(
X13r +X
31
r
)2
+
(
X23r +X
32
r
)2]1/2
0.033
[(
X12r +X
21
r
)2
+
(
X22r −X
11
r
)2]1/2
TABLE II. The theoretical predictions from Eq. (7) for a0,1,2 of Eq. (5).
where p and E are the electron momentum and energy and q = E0 − E is the neutrino
momentum, with E0 the energy available in the decay. The proportionality factor contains
phase space and one “β moment” [22], a matrix element that depends on the nuclear struc-
ture. The subscripts r and i on the Lorentz-violating tensor indicate the real and imaginary
part of χµν , respectively, and χ˜l = ǫlmkχmk. The Lorentz-invariant part of the decay rate
has the typical unique first-forbidden spectrum shape ∼ p2 + q2. The Lorentz-violating
part scales with αZ/pR, which proves that forbidden transitions can be more sensitive to
angular-momentum violation, compared to allowed ones. The enhancement is about one
order of magnitude for a typical transition.
With Eq. (7) instead of Eq. (2), the remaining part of the analysis parallels the analysis
of Ref. [17] summarized above. It requires a simulation of the electron trajectories with
the modified weight of the Lorentz-violating part of the expression, which, however, would
entail a small modification of the original simulation. Therefore, instead, we integrate the
Lorentz-violating part of Eq. (7) over the energy of the detected electrons, including the
energy-dependent phase-space factor ∝ pEq2F (Z,E), with F (Z,E) the Fermi function. We
integrate over the top 23.4% of the energy spectrum, since the detector covered a 2π solid
angle and 11.7% of the electrons escaped the source and were collected [17]. With this
simplified procedure we may do the angular folding of Eq. (7) with the original detection
probability distribution. We checked that the limits derived below are not affected by more
than 4% when changing the integrated fraction of the energy spectrum by a factor two.
We transform the tensor χµν , defined in the laboratory frame, to the tensor Xµν defined
in the Sun-centered frame [14], by using χµν = RµρR
ν
σX
ρσ, with R the apropriate rotation
matrix [5]. In this way, we obtain the theoretical expressions for the coefficients a0,1,2 listed
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in Table II. The numerical factors in front of the coefficients in Table II are determined
by the location of the experiment on Earth (the colatitude of New York is about 49◦), the
constants C1 and C2, and two phase shifts in the amplifier used in the experiment [17].
The phase correlation between δNS and δEW that our theory predicts was not measured.
Therefore, 2X10r − X˜
1
i and 2X
20
r − X˜
2
i cannot be extracted separately and only the combined
value can be determined. The phase shifts of the amplifier are the reason that a0 6= 0 for
δEW .
Comparing the experimental values in Table I to the theoretical predictions in Table II,
we derive the following limits on the Lorentz-violating coefficients at 95% C.L.:
− 6×10−9 < 2X30r − X˜
3
i < 2×10
−8 , (8a)
−3×10−6 < 3X33r −X
00
r < 1×10
−6 , (8b)[
(2X20r − X˜
2
i )
2 + (2X10r − X˜
1
i )
2
]1/2
< 4×10−8 , (8c)[
(X13r +X
31
r )
2 + (X23r +X
32
r )
2
]1/2
< 1×10−6 , (8d)[
(X12r +X
21
r )
2 + (X22r −X
11
r )
2
]1/2
< 1×10−6 . (8e)
The limit of Eq. (8c) was obtained from δEW only, because of the phase correlation between
δNS and δEW .
In Ref. [19] a similar search was made in the ∆I = 2, yes, unique first-forbidden β−
decay 137Cs(7
2
+
, 30.2 a) → 137mBa(11
2
−
), and in the ∆I = 2, no, second-forbidden β− decay
99Tc(9
2
+
, 2.1 × 105 a) → 99Ru(5
2
+
), by looking for a modulation of the counting rate as a
function of sidereal time. An upper limit for a cos θ or cos 2θ term of 3×10−5 was found
at 90% C.L. Although the accuracy was less than in the 90Y experiment, the setup in this
experiment had a higher angular resolution. For 137Cs decay Eq. (7) also applies, while the
expression for 99Tc decay is given by [20]
dW
dΩdE
∝M23/2p
2+M21/2q
2+ M3/2W p
2
αZ
pR
[
3
10
p
E
(
χijr pˆ
ipˆj − 1
3
χ00r
)
−
1
2
χ˜lipˆ
l + χl0r pˆ
l
]
, (9)
where M1/2 and M3/2 depend on three β moments [22] and W = 2M3/2 −M1/2. We use
M3/2/M1/2 = 0.735, such that the spectrum shape ∼ 0.54 p
2 + q2 [24, 25].
The experimental setup in Ref. [19] was made to measure electrons in two directions.
In one direction perpendicular to the Earth’s rotation axis a count rate NS was measured,
and in the direction parallel to the Earth’s rotation axis a count rate NP . The observable
A = NS/NP − 1 was then inspected for sidereal variations. By using the expressions for
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the Lorentz-violating decay rates of 137Cs and 99Tc, given in Eqs. (7) and (9), we obtain
an expression similar to Eq. (5) for the observable A. The amplitudes are proportional to
the same combinations of Lorentz-violating coefficients as found previously for 90Y. Here a0
is a combination of the terms found in the first column of Table II. The terms for a1 can
be separated to obtain the individual terms 2X10r − X˜
1
i and 2X
20
r − X˜
2
i . Similarly this can
be done for a2. The proportionality constants are larger than for the
90Y experiment. In
particular, for the terms found previously in the quadrupole asymmetry the sensitivity of
this setup is a factor 10 to 100 higher. However, the statistical accuracy in this experiment
is much lower and the improvements on the bounds of Eq. (8) are insignificant. The best
case is |3X33r −X
00
r | < 8×10
−6 at 95% C.L., instead of the bound 3×10−6 of Eq. (8b).
Discussion and outlook – By using experiments on forbidden β decay, we have set strong
limits on Lorentz violation in the weak interaction, in particular on the tensor χµν that
modifies the W -boson propagator. The general bounds of Eq. (8) can be translated into
bounds on SME parameters [26, 27], in terms of which [5]
χµν = −kµνφφ − i k
µν
φW/2g , (10)
when we assume that χµν is momentum independent [20]; g is the SU(2) electroweak coupling
constant. Since kφφ has a real symmetric component k
S
φφ and an imaginary antisymmetric
component kAφφ, while kφW is real and antisymmetric, we derive at 95% C.L. the bounds:
− 5× 10−9 < (kSφφ)
ZT , (kAφφ)
YX , (kφW )
YX < 1× 10−8 , (11a)
−1× 10−6 < (kSφφ)
ZZ < 4× 10−7 , (11b)
−1× 10−6 < (kSφφ)
TT < 3× 10−6 , (11c)∣∣(kSφφ)XX ∣∣ , ∣∣(kSφφ)Y Y ∣∣ < 1× 10−6 , (11d)∣∣(kSφφ)XT ∣∣ , ∣∣(kSφφ)Y T ∣∣ , ∣∣(kAφφ)XZ∣∣ , ∣∣(kAφφ)YZ∣∣ , ∣∣(kφW )XZ∣∣ , ∣∣(kφW )YZ∣∣ < 2× 10−8 , (11e)∣∣(kSφφ)XY ∣∣ , ∣∣(kSφφ)XZ∣∣ , ∣∣(kSφφ)YZ∣∣ < 5× 10−7 . (11f)
We assumed that there are no cancellations between different parameters, i.e. when deriving
a bound on one parameter, the others were set to zero. With that caveat, Eq. (11) provides
the first strict direct bounds on these SME parameters in the electroweak sector. For the
components χµνr + χ
νµ
r , they improve recent bounds from pion decay [28] by three orders of
magnitude. (Indirect bounds were previously obtained for some of these parameters [29].
The validity of these indirect bounds is addressed in Ref. [28].)
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In order to improve on our bounds, a more sensitive β-decay experiment of the type
performed in Refs. [17–19] could be designed. With theory input and by exploiting modern
detector systems a number of the drawbacks of these pioneering experiments can be over-
come. However, to reach their precision level will require long-running experiments with
high-intensity sources. Forbidden β transitions with low E0 are preferred, as seen from
Eq. (7) and because of radiation safety. We have shown that β decays with a higher degree
of forbiddenness do not further enhance Lorentz violation [20]. To obtain direct bounds on
all the components χµνr,i one may consider measurements of allowed β transitions [5]. Both
the degrees of freedom of the β particle and of the parent spin can be used. The KVI ex-
periment [15, 16] measures χ˜li in β decay of polarized nuclei. β
− emitters that populate the
ground state of the daughter nucleus are preferred. Sources like 32,33P, 35S, 45Ca, or 63Ni are
excellent options. An alternative is to measure semileptonic decays of hadrons, in particular
when they are produced in high-energy facilities and decay in flight: The boost then provides
an enhancement of order γ2, where γ is the Lorentz factor. Finally, orders of magnitudes
could be gained at a future β-beam facility [30], where high-intensity high-energy radioactive
beams decay to produce electron-neutrino beams.
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